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ABSTRACT 


The  effects  of  two  caps,  Si02  and  Si2N4,  are  examined  on 
Cr  doped  GaAs  by  means  of  depth  resolved  Cathodoluminescence . 
The  GaAs  samples  had  been  implanted  with  in  fluences  of 
10^3  cm“^  and  10^^  cm“^.  Two  of  the  samples  differed  only  in 
the  cap  used. 

The  energy  shift  in  the  carbon-carbon,  donor-acceptor, 
recombination,  and  the  free-bound,  carbon  acceptor  transition 

peak  are  used  to  evaluate  the  carbon  donor,  and  carbon 

acceptor  concentrations.  These  concentrations  are  used  to 
evaluate  the  effects  of  the  caps. 

It  is  found  that  the  carbon  substitutes  for  both  Ga  and 
As;  and  that  the  Si3N4  cap  permits  greater  outdiffusion  of 
As  than  the  Si02  cap;  and  that  the  Si02  permits  greater  out- 
diffusion of  the  Ga  than  does  the  Si^N^  cap. 
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The  United  States  Air  Force  is  interested  in  semiconduc- 
tor devices  which  operate  well  in  a high  temperature  environ- 
ment. New  device  applications  are  awaiting  the  development 
of  semiconductors  with  the  appropriate  electrical  properties. 
Gallium  arsenide  with  proper  doping  should  have  the  desired 
properties. 

Gallium  arsenide  (GaAs)  is  a semiconducting  III-V  compound. 
It  has  the  zincblende  crystal  structure  like  many  other  III-V 
compounds.  Its  physical  properties  are  similar  to  the  group 
IV  semiconductors  silicon  (Si)  and  germanium  (Ge).  The 
majority  of  differences  between  GaAs  and  the  group  IV  semi- 
conductors can  be  attributed  to  the  partially  ionic  bond  in 
GaAs  (Ref.  14:371-2). 

One  method  for  introducing  a dopant  into  GaAs  is  ion- im- 
plantation. The  implantation  introduces  a dopant  concentra- 
tion profile  which  can  be  made  sharper  than  with  diffusion 
techniques.  Implantation  also  introduces  a good  deal  of 
damage  which  can  be  removed  through  annealing  the  crystals  at 
temperatures  near  800°C.  However,  at  temperatures  near  600°C, 
decomposition  of  GaAs  is  significant.  To  protect  the  surface, 
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and  resist  diffusion  of  the  crystal  elements,  a cap  of 
either  Si2N4  or  SXO2  is  placed  on  the  sample. 

The  purpose  of  this  experiment  is  to  obtain  depth- resolved 
cathodoluminescence  from  GaAs  crystals  which  were  doped  with 
Cr,  then  implanted  with  carbon  ions;  and  compare  the  spectra 
from  a Si3N4  capped  crystal  with  that  of  a Si02  capped  crystal. 

The  theory  of  this  thesis  is  discussed  through  Lumine- 
scence Mechanisms,  their  variations  with  concentrations,  ion 
implantation,  and  electron  beam  penetration.  The  experimental 
part  of  this  thesis  deals  with  the  cathodoluminescence  apparatus, 
sample  preparation,  and  procedures.  The  results  are  discussed 
by  identification  of  transitions,  analysis  of  depth  resolved 
data,  and  analysis  of  the  different  caps.  Finally  some 
conclusions  are  drawn  from  these  observations. 


II.  THEORY 


The  technique  of  implant  profiling  by  depth  resolved 
cathodoluminescence  involves  the  excitation  of  luminescence  from 
a sample  which  possesses  an  impurity  profile,  by  means  of  an 
energetic  electron  beam.  One  must,  therefore,  understand 
luminescence  and  luminescence  mechanisms;  the  variations  of 
luminescence  with  concentration;  how  the  impurity  profile  is 
introduced;  and  how  the  luminescence  is  excited  by  the  elec- 
tron beam. 

This  section  will  discuss  these  areas  in  the  following 
manner:  luminescence  and  radiative  recombination  mechanisms; 

the  effects  of  concentration  on  luminescence;  ion  implantation 
of  impurities;  the  penetration  of  an  electron  beam;  and  work 
that  has  been  done  on  ion  implanted  GaAs , particularly  carbon 
implants  in  GaAs. 

Luminescence 

The  electro-magnetic  radiation  emitted  when  electron-hole 
pairs  in  a semiconductor  recombine  radiatively  is  called  lumine- 
scence, In  this  section  radiative  recombination  mechanisms  are 
discussed  with  attention  given  to  the  effects  of  temperature  and 
excitation  intensity.  These  mechanisms  include  Band- Band, 

Band- Impurity , Impurity- Impurity , and  Exciton.  They  are 
depicted  in  Figure  1, 


Exciton 


Figure  1:  Luminescence  Mechanisms;  a . )band>band, 

1 , b. ) exciton  annihilation,  c.)  free-bound, 

d. ) bound- bound. 


When  an  electron  in  the  conduction  band  recombines  with  a 
hole  in  the  valence  band,  the  energy  of  the  transition  is  the 
band  gap  energy  (Eg  = 1.519ev).  However,  this  transition  is 
not  very  probable  and  is  rarely  observed  (Ref.  17:13). 

Free-Bound  Transition 

When  a "free"  electron/hole  recombines  with  a hole/ 
electron  which  is  bound  to  a simple  impurity  center  such  as  a 
substitutional  acceptor/donor  the  energy  of  the  emitted  photon. 
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E,  is  given  by 


E = Eg  - Ei  + _+  nEp 

Where;  Eg  is  the  band  gap  energy,  Ej|^  is  the  donor  or  acceptor 
energy  level,  Ej^  is  the  average  kinetic  energy  of  the  elec- 
tron/hole, Ep  is  the  phonon  energy,  and  n is  any  positive 
integer  or  zero. 


In  GaAs,  these  transitions  can  be  distinguished  by  the 

energy  of  the  transition  because  the  donor  level  is  very  close 

to  the  conduction  band  (A>6ineV),  while  the  acceptor  level  is 

deeper  (/vaOmeV)  (Ref.  2:327-9). 

Impurities  with  large  ionization  energies  and  defects  such 

as  vacancies  and  complexes  from  deep  impurity  levels  (Ref,  16:139). 

As  the  temperature  of  the  semiconductors  rises,  E increases 

K. 

and  the  dispersion  in  energy  increases,  thus  broadening  the  peak. 
This  transition  dominates  at  higher  temperatures  because  the 
thermal  energy  depopulates  bound  exciton  and  shallow  donor 
levels  (Ref,  17:22).  Since  E^^  increases  with  temperature  the 


transitioning  clectron/hole  is  father  into  the  band  at  higher 
temperatures  than  at  lower  temperatures.  But,  since  the  band 
gap  energy  decreases  with  increasing  temperatures,  the  energy 
of  the  emitted  photon  will  also  decrease  but  not  to  the  same 
amount  as  the  band  gap  because  of  the  Ek  of  the  electron/hole. 
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I . Bound- Bound  Transition 

When  a bound  electron  at  a donor  site  recombines  with  a 
bound  hole  at  an  acceptor  site,  the  energy  of  the  transition 
is  given  by 

e2 

^ = - nEp 

Where;  E.  is  the  acceptor  level  energy,  E is  the  donor  level 
^ D 

e2 

energy,  and  is  the  coulomb  interaction  between  the  donor  and 


kr 

acceptor  (Ref.  7:13).  This  shows  that  near  pairs  (r  small) 
emit  higher  energy  photons  than  far  pairs  (r  large)  whose  energy 
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is  closer  to  the  difference  in  E^  and  Ej^. 

The  radiative  recombination  rate  goes  as  the  inverse 
exponential  of  the  separation  of  donors  and  acceptors.  Hence, 
more  distant  pairs  are  saturated  earlier  than  nearer  pairs  and 
an  increase  in  intensity  shifts  the  peak  to  higher  energy.  As 
the  temperature  is  increased  farther  pairs  become  thermally 
ionized  before  recombination  occurs,  again  shifting  the  transi- 
tion energy  to  higher  values  (Ref.  7:85). 

Exciton  Transitions 

Excitons  can  be  viewed  as  electrons  bound  to  holes  in  a 
hydrogen-like  fashion.  Exciton  energy  states  lie  very  close 
in  energy  to  the  conduction  band  edge  because,  like  the  hydrogen 
atom,  the  exciton  binding  energy  is  proportional  to  the  effec- 
tive mass  of  the  exciton  which  is  very  small. 
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Excitons  may  be  free  or  bound.  Bound  excitons  are  assoc- 
iated with  impurity  sites  in  the  lattice,  where  their  energy 
is  lower  than  that  mentioned  above  by  the  energy  required  to 
bind  the  exciton  to  the  site.  Bound  excitons  are  usually 
observed  only  at  very  low  temperatures  ( <"  20°K)  because  the 
rate  of  trapping  carriers  decreases  with  increases  in  temera- 
ture.  Some  characteristics  of  bound  exciton  transitions  are 
narrow  line  shape  (<^0.1meV)  and  an  intensity  which  decreases 
with  increased  temperature  (Ref.  17:16-18). 

Free  excitons,  on  the  other  hand,  move  through  the  lattice 
and,  therefore,  have  an  additional  kinetic  energy  above  that 
mentioned  earlier.  They  can  exist  in  sufficiently  pure 
materials  and  have  line  widths  broader  than  the  bound  excitons 
(ajl.meV)  (Ref.  16:12-14). 

Concentration  Dependence  on  Luminescence 

The  banding  of  electronic  energy  states  in  a solid  is  the 
result  of  the  overlap  of  the  electronic  wave  functions.  Like- 
wise, when  the  concentration  of  an  impurity  reaches  the  level 
where  the  electronic  wave  functions  of  the  impurities  overlap, 
the  impurity  level  will  band.  This  banding  has  been  shown  to 
cause  a shift  in  free-bound  and  bound-bound  luminescence  peaks. 
For  simple  hydrogenic  n-type  GaAs  the  carrier  concentration  at 
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which  banding  occurs  is  near  SxlO^^cm"^,  whereas  for  p>-type 
GaAs,  banding  does  not  start  until  a concentration  near 
5x10"^ 'cm  is  reached.  When  the  concentration  reaches  a higher 
level  the  impurity  band  merges  with  the  crystal  band;  i.e., 
donor  band  into  conduction  band,  or  acceptor  band  into  valence 
band.  For  n-type  GaAs  this  occurs  near  a concentration  of 
IxlO-'-'cm  . However,  p-type  GaiAs  does  not  merge  until  the  con- 
centration is  on  the  order  of  2xl0^^cm”^, (Ref . 2:358).  This 
banding  of  a level  and  merger  with  a band  is  schematically 
depicted  in  Figure  2 (Ref.  4:14)  for  the  acceptor  level. 

The  hydrogenic  donor  levels  band  at  a lower  concentration 
than  the  hydrogenic  acceptors  because  the  donor  electrons  are 
bound  much  less  tightly  ('Va  factor  of  6)  than  the  acceptor 
holes.  Hence  the  wave  function  of  the  donor  extends  farther  and 
interaction  occurs  at  lower  density. 

Under  increasing  n-dopant  concentration  the  donor- valence 
band  transition  energy  in  uncompensated  material  can  be  consid- 
ered "band-band".  The  rapid  rise  of  the  transition  energy 
shown  in  Figure  3 indicates  the  involvement  of  conduction  band 
states  (Ref.  6:  354).  With  increasing  p-type  concentration 

the  conduction  band-acceptor  transition  energy  progresses  to 
"band-band".  However,  a growing  percentage  of  the  luminescence 

i 

( 

i 
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Figure  2.  Schematic  of  Acceptor  Level  Banding  (Ref,  4) 
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is  attributable  to  donor- acceptor  transitions  from  residual 
donors,- which  are  acting  to  compensate  the  p-type  acceptors. 

The  variation  of  band-acceptor  transitions  in  p-type  GeAs  as 
a function  of  carrier  concentration  is  also  shown  in  Figure  3 
(Ref.  6:354-5). 

In  Figure  4 (Ref.  16)  linebroadening  of  Zn  doped  p-type_ 
GaAs  is  shown  as  acceptor  concentration  is  increased.  This 
broadening  is  due  to  the  broadening  in  the  density  of  states 
at  the  acceptor  level.  Instead  of  a delta  function-like 
density  of  states,  the  banding  of  the  acceptor  level  has 
induced  a density  of  states  similar  to  that  of  either  the  con- 
duction or  valence  band. 

In  highly  compensated  p-type  GaAs  the  donor  concentration 
can  be  high  enough  to  induce  banding  of  both  donor  and  acceptor 
levels,  since  the  donor  level  bands  with  an  order  of  magnitude 
lower  concentration  than  the  acceptor  level.  This  would  lead  to 
a decrease  in  donor-acceptor  transition  energies  with  increas- 
ing concentrations  of  donors  and  acceptors,  as  the  donor  level 
band  would  be  empty  at  very  low  temperatures  much  like ‘the 
conduction  band  in  intrinsic  material. 


I 


cmssnii  KM  M fV 


I 


I 


Ion- Implantation 

Ion- implantation  is  the  technique  of  introducting  ions 
into  a substrate  by  using  an  energetic  beaim  of  ions.  When  a 
substrate  is  bombarded  by  a beeim  of  energetic  ions,  some  of  the 
incident  ions  are  implanted  into  the  surface.  However,  host 
atoms  are  sputtered  from  the  surface  (Ref.  9:295).  In  this 
way  desired  impurities  can  be  introduced  into  the  substrate 
and  the  electrical  properties  can  be  altered  to  fit 
different  applications. 

As  the  ions  move  into  the  crystal,  they  interact  collis- 
ionally  with  the  electrons  and  nuclei  in  the  crystal.  Through 
these  interactions . the  ions  give  up  their  energy  and  finally 
come  to  rest.  These  interactions, however , introduce  damage 
into  the  crystal;  first  by  sputtering  the  surface,  and  second 
by  removing  crystal  elements  and  creating  vacancies  and  inter- 
stitials. The  second  of  these  two  is  the  more  important  as 
the  periodicity  and  orderliness  of  the  crystal  is  destroyed. 

The  removal  of  this  damage  is  necessary  before  electrical 
activity  can  be  attained.  This  is  accomplished  through 
annealing  of  the  saunple,  allowing  interstitials  to  move 
to  lattice  sites  and  thus  returning  the  periodicity  to  the 
crystal  (Ref.  8:7), 
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The  advantages  that  make  ion- implantation  worthwhile  as 
compared  to  conventional  doping  methods  include  the  ability  to 
introduce  precise  concentrations  of  many  impurities  in  three 
dimensions  while  avoiding  high  temperature  problems  associated 
with  the  diffusion  method  of  doping  (Ref.  4:2). 

Although  one  avoids  temperatures  associated  with  diffusion 
techniques,  annealing  temperatures  near  800 ®C  are  required  to 
remove  the  lattice  damage.  This  temperature  is  above  the 
temperature  at  which  substantial  decomposition  of  the  GatAs 
occurs  (600®C).  To  resist  this  decomposition  and  the  out- 
diffusion  of  the  Ga  and  As,  caps  are  placed  on  the  surface. 

The  effects  of  these  caps  are  not  understood  well,  and  this 
work  examines  the  effects  of  Si^N^  and  Si02  as  caps. 

When  the  ions  have  come  to  rest,  there  will  be  a distri- 
bution of  stopping  points  as  a result  of  the  random  nature  of 
the  collisions  and  the  energy  transferred  in  each  collision. 
This  distribution  is  characterized  by  a mean  ion  range  and 
standard  deviation  (Ref,  9:297),  Lindhard,  Schiott  and  Scharff 
have  developed  a theory  which  best  describes  the  range 
distribution  by  using  a gaussian  function  (Ref.  12:4). 


Depth  into  GaAs 
(microns ) 

Figure  5:  Projected  concentration  profile  for  120KeV 
C+  implant. 

Using  this  theory,  the  expected  distribution  of  carbon 
prior  to  annealing  is  shown  in  Figure  5.  The  mean  projected 
rauige  for  this  distribution  is  0.25  microns. 

Electron  Becun  Penetration 

When  luminescence  is  induced  by  an  impinging  electron  beam 
it  is  called  cathodoluminescence.  This  technique  offers  the 
advantage  of  being  able  to  produce  electron-hole  pairs  at 
various  depths  in  the  material  providing  a non- destructive 
method  for  profiling  ion  implants. 


As  the  electrons  penetrate  the  crystal,  they  give  up 
their  energy  over  a range  of  depths  creating  electron- hole  pairs. 
Martinelli  ; and  Wang  (Ref.  13)  have  measured  the  depth  to 
which  the  beam  will  penetrate  as  a function  of  beeua  energy. 

The  profile  of  this  penetration  into  GaAs  and  other  lumin- 
escent crystals  has  been  discussed  extensively  (Ref.  4,  15,  18). 
The  penetration  profiles  in  Figure  6 (Ref.  4:12)  assume  the 
penetration  depths  of  Martinelli  and  Wang  (Ref.  13)  are  valid 
at  45°  as  well  as  normal  incidence  and  are  scaled  to  in 

the  fashion  of  Norris  (Ref.  15),  where  and  Xj^  are  the 

beeoa  energy  and  penetration  depth  respectively. 

Assuming  these  profiles  to  be  accurate,  the  problem  of 
specifying  the  depth  of  luminescence  cannot  be  solved  without 
taking  into  account  the  diffusion  of  the  electron- hole  pairs. 

The  analysis  of  this  problem  was  assigned  to  be  beyond  the  scope 
of  this  thesis. 

Previous  Work 

The  work  performed,  previous  to  this  thesis,  on  Ion 
Implanted  GaAs  has  dealt  primarily  with  Cd  implants.  Very 
little  work  has  been  directed  toward  carbon  implants  up  to 
this  point.  The  two  works  discussed  here  are  AFIT  master's 
theses  investigating  Cd  implanted  GaiAs. 
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Boulet  (Ref.  4)  made  depth  resolved  cathodoluminescence 
measurements  on  cadmium  implanted  gallium  arsenide.  Using  beam 
energies  from  5 to  20  KV.a  cadmium  concentration  profile  was 
inferred  from  the  spectra. 

Dumoulin  (Ref  8)  studied  the  effects  of  implanting  and 
annealing  in  GaAs  using  depth  resolved  cathodoluminescence. 
Unannealed  scunples  were  probed  to  find  the  extent  of  the  damage 
layer  induced.  Several  annealing  temperatures  were  examined  to 
find  the  temperature  needed  to  remove  the  daunage  layer.  It 
was  concluded  that  the  LSS  profile  did  not  predict  very  well 
the  concentration  profile  after  annealing  of  the  samples. 


III.  EXPERIMENT 


This  section  details  the  experimental  work  of  this  thesis. 
This  is  accomplished  by  describing  the  features  of  the  experi- 
mental system  needed  to  induce,  detect,  and  process  the  lumine- 
scence data;  by  describing  the  preparation  of  the  saimples  which 
were  studied;  and  by : describing  the  procedures  used  with  the 
expierimental  system. 

Electron  Beam  System 

This  system  has  not  been  used  previously,  but  is  similar 
to  the  system  used  by  Dumoulin  (Ref.  8).  The  electron  gun  is 
a Hughes  Aircraft  Company  B-91-16A35  manufactured  by  their 
vacuum  tube  products  division.  The  electron  beeun  is  controlled 
with  five  magnetic  coils:  alignment  coil,  centering  coil, 
stigmator  coil,  focus  coil,  and  deflection  yoke. 

As  shown  in  Figure  7,  the  electron  gun  is  located  directly 
beneath  the  sample  chamber;  the  beaon  moving  vertically.  The 
five  coils  are  mounted  on  the  column  and  are  used  to  produce  a 
focused  beaun  at  the  sample. 

The  stigmator  and  focus  coils  are  mounted  together  on  a 
bracket  which  as  five  precision  positioners  which  include: 
pitch,  yaw,  two  horizontal  translations,  and  rotation.  These 
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allow  the  coils  to  be  positioned  so  that  an  adjustment  of  the 
focus  does  not  cause  the  beam  to  move  on  the  scimple.  The 
deflection  yoke  is  mounted  on  a similar  bracket. 

The  vacuum  is  maintained  by  two  diffusion  pumps  with  a 
common  mechanical  forepump.  The  diffusion  pumps  are  air  cooled 
and  the  one  closest  to  the  sample  chaunber  is  equipped  with  a 
liquid  nitrogen  trap.  The  vacuum  pressure  was  observed  with 
a Veeco  ionization  gauge  and  an  RG-83  ionization  gauge  control. 
However,  the  gauge  was  located  far  from  the  sample  chamber, 
near  the  lower  diffusion  pump  as  can  be  seen  in  Figure  7.  This 
position  does  not  lend  itself  to  an  accurate  measure  of  the 
sample  chamber  pressure. 

Samole  Mountina  and  Coolinq 

Four  scimples  were  mounted  on  the  face  of  the  cold  finger, 
along  with  a faraday  cup  which  was  used  to  measure  the  elec- 
tron beam  current.  Each  sample  was  held  in  place  by  a copper 
mask  with  a circular  hole,  which  exposed  the  sample  beneath. 

A small  amount  of  a liquid  alloy,  of  Ga,  In,  Sn,  was  used  as 
a thermal  contact  between  the  samples  and  the  cold  finger. 

The  masks  are  described  in  detail  by  Boulet  (Ref.  4).  The 
cold  finger  was  mounted  vertically  on  two  O- rings  which 
permitted  rotation  of  the  finger  while  still  maintaining  the 
vacuum.  The  cold  finger  face  was  cut  at  a 45**  angle  from  the 


vertical  electron  beam  and  from  the  horizontal  axis  of  the 
spectrometer . 

The  cold  finger  was  cooled  by  the  use  of  an  Air  Pro- 
ducts Heli-Tran  system.  The  Heli-Tran  consists  of  three  tubes; 
the  outermost  of  ti.dse  is  a vacuum  jacket.  The  next  tube  is  a 
shield  tube  through  which  helium  flows  from  the  pressurized 
dewar  to  the  cyro-tip  and  back  to  the  dewar,  exiting  the 
Heli-Tran  to  a flow  meter  where  flow  can  be  monitored  and 
restricted. 

The  innermost  tube  cools  the  cold  finger.  The  helium 
flows  into  the  cyro-tip  cooling  the  sample  mount.  The  gas  is 
then  vented  through  a flow  meter.  The  helium  flow  can  be  con- 
trolled with  a needle  valve  located  in  the  cyro-tip  of  the 
Hali-Tran.  The  mounting  of  the  cyro-tip  is  protected  from 
extreme  cold  by  a vent  gas  heater. 

The  dewar  end  of  the  Heli-Tran  has  a gas  tight  seal  and 
dewar  pressures  near  10  psi  were  used  for  cooling,  while 
pressures  near  3 psi  were  used  for  running.  The  dewar  end  was 
equipped  with  a filter  to  keep  debris  from  entering  the  Heli-Tran. 

The  temperature  of  the  cold  finger  was  monitored  with  a 
chromel  vs.  gold  .07  atomic  % iron  thermocouple  with  a liquid 
nitrogen  reference.  The  temperature  was  read  in  microvolts 
on  a data  precision  3500  digital  voltmeter. 
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The  luminescence  was  examined  by  the  use  of  a Spex 
1702  3/4  meter  Czerny- Turner  spectrometer.  The  spectrometer 
was  equipped  with  a 600  gr/mm  grating,  which  was  blazed  to 
1,6  micron.  The  entrance  and  exit  slits  were  straight  and 
independently  adjustable  from  6 micron  to  3 mm.  The  lumine- 
scence was  collected  by  a two  lens  system.  The  collecting  lens 
had  a 10  cm  focal  length  and  was  mounted  just  outside  the 
quartz  window  of  the  sample  area,  A lens  of  20  cm  focal 
length  was  used  to  focus  the  luminescence  onto  the  spectro- 
meter slit. 

An  RCA  C70007A  photo-multiplier  tube  with  an  S-1  response 
and  cooled  to  -50°C  by  a Products  for  Research  temperature  con- 
troller was  used  to  detect  the  luminescence.  The  high  voltage 
applied  to  the  photo-multiplier  tube  cathode  was  supplied  by 
a Keithley  244  High  Voltage  Supply, 

Signal  Processing 

The  photo-multiplier  tube  converts  the  incident  photons 
into  a series  of  electrical  pulses.  These  pulses  are  ampli- 
fied by  a wide  band  amplifier  and  then  by  a Tennelec  amplifier , 
and  are  input  for  a Multi-Channel  Analyzer  (MCA),  The  MCA  then 
counts  these  pulses  into  a channel.  The  channel  selector  of 
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the  MCA  is  advanced  at  a specified  rate  with  respect  to  the 
advancement  of  the  spectrometer.  In  this  way  the  incident 
photons  within  a specific  wavelength  band  are  counted,  and 
the  spectrum  is  digitized.  This  same  system  was  used  by  Dumoulin. 
(Ref.  8). 

Sample  Preparation 

Samples  one  and  two  were  taken  from  the  same  GaAs  wafer 
which  had  been  doped  with  Cr  and  implanted  with  lO-*-’  cm  of 
120  KeV  carbon  ions.  Sample  one  was  then  capped  with  A^IOOOA 
Si3N4,  while  sample  two  was  capped  with  '^lOOOA  Si02.  Both 
samples  were  then  annealed  at  850°C  for  15  minutes. 

Sample  three  was  taken  from  a wafer  of  GaAs  doped  with 
Cr  and  implanted  with  lO^'^  cm”^  of  120  KeV  carbon  ions.  It 
was  capped  with  f\J  lOOOA  Si^N^  and  annealed  for  15  minutes  at 
850°C.  Another  sample  was  cut  from  the  same  wafer  and  capped 
with  A/  lOOOA  Si02.  However,  time  did  not  permit  the  examina- 
tion of  this  latter  sample. 

Sample  four  was  implanted  with  10^3  cm"^  carbon  ions  at 
120  KeV,  then  capped  with  Ai  500A  Si3N^. 

Procedure 

In  this  section  the  procedures  used  during  the  experi- 
ment are  detailed  in  four  areas:  mounting  the  samples,  changing 
the  gun,  aligning  the  optics,  and  data  collection. 
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mounted,  the  cold  finger  must  be  removed  from  the  vacuum  sys- 
tem. This  was  done  when  the  system  was  at  room  temperature 
and  the  Heli-Tran  had  been  disconnected. 


The  sample  chamber  was  isolated  by  means  of  the  gate 
valve  in  the  electron  beam  column  and  a Butterfly  valve  to  the 
diffusion  pump.  It  was  then  raised  to  atmospheric  pressure 
by  filling  with  dry  nitrogen.  The  cold  finger  was  withdrawn 
from  the  chamber  and  the  hole  was  covered  to  keep  dust  from 
entering  the  system. 

After  the  samples  had  been  changed,  the  cold  finger  was 
placed  in  the  chamber.  The  mechanical  pump  was  used  to  rough 

j down  the  chamber  after  being  isolated  from  the  diffusion  pumps. 

I When  chaunber  pressure  was  near  15  microns  of  mercury  the  valve 

connecting  the  mechanical  pump  and  chamber  was  closed.  The 
valve  between  the  diffusion  pumps  and  rough  pump  was  opened 

j and  shortly  the  Butterfly  valve  and  gate  valve  were  also  opened. 

I Changing  the  Gun.  When  the  electron  gun  cathode  and  fila- 

ment needed  to  be  replaced,  the  electron  beam  column  as  well 
as  the  sample  area  was  raised  to  atmospheric  pressure  because 

1 the  chamber  has  only  one  bleed  in  port  and  one  rough  pump 

! 

j connection,  and  both  are  in  the  sample  chamber  area. 

'( 
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With  the  system  as  noted  prior  to  replacing  the  samples, 
the  column  was  isolated  from  the  diffusion  pumps  and  filled  with 
nitrogen.  There  was  no  power  applied  to  the  gun  and  the  leads 
were  removed.  The  gun  was  withdrawn  and  the  filament  and 
cathode  were  replaced.  The  gun  was  returned  to  the  system, 
which  was  evacuated  in  a manner  similar  to  that  described  above. 

When  the  pressure  had  been  reduced  to  operating  levels, 
the  cathode  was  aged  by  applying  the  voltages  for  the  times 


listed  in  Table  I. 


TABLE  I 


Electron  Gun  Aging 


Filament 


Grid  1 


Grid  2 


Alignment  of  Optics.  When  the  saunples  had  been  cooled  and 


the  helium  flows  had  stabilized,  a He-Ne  laser  beam  was  reflected 
off  the  mirror  in  the  lower  window  onto  the  desired  sample. 

The  cold  finger  was  rotated  slightly  until  the  reflection 
from  the  sample  was  near  the  spectrometer  input  slit.  The 
electron  beam  was  then  placed  on  the  sample  and  the  lenses  were 
positioned  so  that  the  red  light  struck  the  slit.  The  laser 
was  turned  off  and  the  slits  were  opened  to  the  maximum  extent. 
The  multi-channel  analyzer  was  placed  in  the  accumulate  mode 
and  the  spectrometer  was  manually  scanned  to  find  a peak. 

Once  the  spectrometer  was  set  on  a peak,  the  lenses  were 
adjusted  so  that  the  intensity  of  the  light  was  maximized. 

Data  Recording.  The  beam  energy  was  chosen  and  the  beam 
was  placed  on  the  faraday  cup.  The  beam  current  was  then  set 
by  adjusting  the  grid  voltages  and  when  necessary,  the  filament 
current.  The  optics  were  aligned  and  the  slits  were  closed 
to  100  microns,  so  that  there  was  sufficiant  resolution  of  the 
calibration  line.  The  calibration  lamp  was  set  up  and  turned 
on.  The  multi-channel  analyzer  (MCA)  was  set  to  accumulate  mode, 
the  spectrometer  was  set  to  external  drive,  and  the  stepping 
drive,  described  by  Dumoulin  (Ref.  8)  advanced  the  spectro- 
mmeter.  When  the  spectrometer  was  approximately  SA  below  the 
wavelength  of  the  calibration  line,  the  channel  advance  of  the 


MCA  was  started.  After  the  calibration  line  had  been  recorded, 
the  lamp  was  turned  off  and  the  slits  were  opened  to  a value 
from  .5  to  l.mm.  The  spectrometer  was  scanned  until  all  1024 
channels  of  the  MCA  had  been  scanned. 

After  each  run  a photograph  was  taken  of  the  spjectrum  dis- 
played on  the  oscilliscope , and  a paper  tape  was  made  to  record 
the  counts  in  each  channel.  These  tapes  were  then  transcribed 
onto  computer  cards  and  plotted  using  the  computer. 

The  optics  were  adjusted  before  each  run  as  the  collecting 
lens  needed  to  be  removed  so  that  the  electron  beam  could  be 
visually  adjusted  to  place  it  on  the  faraday  cup  and  the  next 
sample. 


IV.  RESULTS  AND  DISCUSSION 
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The  results  of  this  experiment  will  be  discussed  in  three 
sections.  First,  the  transitions  associated  with  the  observed 

luminescence  peaks  will  be  identified.  Second,  the  depth  resolved  } 

j 

I 

results  will  be  discussed  as  they  relate  to  the  concentration  \ 

' 1 

profile.  Finally,  the  results  of  the  measurements  on  samples 

I 

with  different  caps  will  be  analyzed.  As  was  mentioned  earlier, 

^ higher  energy  electrons  penetrate  further  into  the  crystal 

than  lower  energy  electrons.  Throughout  this  discussion,  crystal 
depth  will  be  designated  by  the  electron  beam  energy. 
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Identification  of  Peak  Transitions 

Spectra  obtained  from  sample  one  are  shown  in  Figures  8, 

9,  and  10.  These  spectra  exhibit  six  peaks  with  the  highest 
energy  peak  lying  at  1.509eV.  This  peak  has  been  identified 
by  Boulet  and  Bogardus  (Ref.  4:30,  3:995)  as  unresolved  exciton 
and  donor- valence  band  transitions.  The  spectra  in  Figure  9 
support  this  identification  as  this  peak  becomes  more  domin- 
ant with  increased  beam  current  and  does  not  become  saturated. 
The  temperature  variation  shown  in  Figure  10  also  supports  this 
identification  in  that  this  peak  becomes  dominant  at  high  temp^ 
eratures  and  has  shifted  to  lower  energy  by  lOmeV. 
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The  dominant  peak  in  the  spectra  of  Figure  8 has  an 
energy  of  1.491  eV,  This  is  close  to  the  expected  acceptor 
transition  using  the  data  of  Kamiya  and  Wagner  (Ref.  11)  and 
the  values  observed  by  Ashen  ^ ^ of  1.492  eV.  The  varia- 
tion of  this  peak  with  temperature  is  shown  in  Figure  10, 

At  77 ®K  it  is  much  less  intense  and  has  shifted  to  a lower 
energy.  However,  this  shift  is  not  as  great  as  that  of  the 
exciton  line.  This  indicates  a free-bound  transition  and  is 
identified  as  the  conduction  band-carbon  acceptor  transition. 

The  shoulder  at  1.476  eV  is  close  to  the  expected  donor- 
acceptor  transition  in  light  of  Kamiya  and  Wagner's  acceptor 
energy  (Ref.  11).  In  Figure  9 it  can  be  seen  that  in  the  2>\a 
spectra  this  peak  is  substantially  over- shadowed  by  the  carbon 
acceptor  transition  indicating  saturation  of  the  transition. 
The  77 °K  spectra  also  shows  that  this  peak  gets  washed  out  at 
higher  temperatures.  This  behavior  is  indicative  of  donor- 
acceptor  pair  transition  and  is  identified  as  a carbon-carbon 
(C-C)  transition. 

The  peak  at  1.404  eV  exhibits  the  bound- bound  transition 
characteristics  of  the  previous  transitions  in  Figure  9 and 
Figure  10,  Itoh  and  Takeuchi  (Ref.  10)  have  identified  a 


peak  near  1.40  eV  as  being  due  to  an  As  vacancy  - Si  acceptor 
transition.  Since  the  carbon  acceptor  level  is  near  that  of 


Si  (Ref.  11)  it  seems  reasonable  to  identify  this  peak  with  the 
As  vacancy  - carbon  acceptor  transition. 


The  peak  near  1.359  eV  has  been  under  some  discussion  in 
the  literature.  Chatter jee  _et  (Ref. 5)  have  associated  this 
transition  with  a Ga  vacancy  as  a result  of  annealing  studies. 

At  77 °K  as  shown  in  Figure  10  this  peak  has  shifted  to  lower 
energy  within  ImeV  of  the  energy  shift  of  the  carbon  acceptor 
free-bound  transition  (1,49  eV).  An  increase  in  beam  current^ 
as  shown  in  Figure  9,  shows  this  transition  dominating  the  As 
vacancy  - carbon  transition.  This  probably  indicates  a free- 
bound  transition.  However,  it  should  not  be  associated  with  the 
As  vacancy  since  the  bound-bound  transition  with  the  shallow 
carbon  acceptor  has  a higher  energy.  Therefore,  this  peadc  is 
associated  with  a free-bound  Ga  vacancy  transition. 

The  peak  at  1,323  eV  has  also  been  identified  with  a Ga 
vacancy  (Ref.  5:1422).  This  peak  is  washed  out  in  the  2;ua 
spectra  shown  in  Figure  9,  It  is  also  absent  in  the  77®K 
spectra,  indicating  a bound-bound  transition.  Since  gallium 
vacancies  are  acceptor  sites  and  the  1.35  eV  peak  is  free  to 
bouncy  a donor  with  an  energy  level  33  meV  below  the  conduction 
band  is  involved.  Since  Ga  vacancy  complexes  with  simple 
donors  such  as  Si  have  been  associated  with  a 1.2  eV  emission 
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(Ref.  2:359-60)  it  cannot  be  associated  with  Ga  vacancy  com- 
plexes.- Likewise  the  As  vacancy  associated  with  the  1.40  eV 
line  is  too  deep.  The  possibility  that  this  peak  is  associa- 
ted with  interstitial  Ga  exists  since  interstitial  gallium  is 
a donor;  however,  no  reference  of  this  was  found  in  the  litera- 
ture. Hie  peak  at  1.323  eV  is  probably  a donor-acceptor  trans- 
ition involving  a Ga  vacancy. 

Typical  spectra  for  sample  two  are  shown  in  Figure  11.  This 
spectra  consists  of  six  peaks  described  for  sample  one.  These 
peaks  can  be  attributed  to  the  same  transitions  as  those  in 
sample  1.  The  12  KV  spectrum  has  significantly  different 
energies  for  the  transitions  than  the  15  KV  spectrum.  The 
shifting  of  these  peaks  will  be  discussed  under  depth  resolved  data. 

Typical  spectra  for  sample  three  are  shown  in  Figure  12. 

The  12  KV  spectrvim  consists  of  three  peaks  at  1.464  eV,  1.407 
eV,  and  1.364  eV.  The  15  KV  spectrum  consists  of  six  peaks. 

These  six  are  again  identified  in  the  same  way  as  those  from 
sample  one  and  can  be  associated  with  the  same  transitions. 

The  three  peaks  in  the  12  KV  spectrum  are  identified  as  C-C 
at  1.464  eV;  As  vacancy-c  at  1.407  eV;  and  free-bound  Ga 
vacancy  at  1.36  eV. 
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Typical  spectra  for  sample  four  are  shown  in  Figure  13. 

The  12  KV  sp>ectrum  consists  of  five  peaks.  The  peaks  at  1.510 
eV,  1.404  eV,  1.356  eV,  and  1.322  eV  are  associated  with  the 
transitions  from  sample  one  with  the  same  energies.  The  peak 
at  1.485  eV  is  associated  with  the  C-C  transition.  The  15  KV 
spectrum  shows  these  same  four  peaks,  however,  the  peak  at 
1.491  eV  is  associated  with  the  free-bound  carbon  acceptor 
transition. 

Depth  Related  Data 

Spectra  from  sample  one  recorded  at  various  beam  energies 
are  shown  in  Figure  14.  It  should  be  noted  that  below  10  KV 
the  exciton  line  at  1.51  eV  has  disappeared.  It  should  also 
be  noted  that  the  most  intense  peak  below  10  KV  is  the  As 
vacancy  - carbon  transition  at  1.40  eV. 

The  free-bound  acceptor  transition  at  1.492  eV  is  lowered 
to  1.476  eV  in  the  8 KV  spectrum  indicating  an  acceptor  con- 
centration in  excess  of  5xl0^‘7cm“3.  This  energy  indicates 
that  the  acceptor  band  has  moved  an  additional  16  meV  into 
the  band  gap. 

The  C-C  line  at  1.485  eV  has  been  lowered  to  1.445  eV  at 
8 KV.  This  indicates  a shift  of  40  meV.  Sixteen  meV  of  this 
shift  is  due  to  the  rise  of  the  acceptor  band  into  the  gap. 
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igure  14.  Depth  Resolved  Spectra  for  Sample  One 
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The  remainder  is  due  to  the  rise  of  the  donor  band  into  the  gap. 
Since  the  free-bound  acceptor  transition  is  still  visible,  it 
appears  that  the  donor  level  has  not  merged  with  the  conduction 
band.  Since  the  bottom  of  the  donor  band  is  24  meV  below  the 
donor  level  in  a lightly  doped  sample  and  the  donor  band  is  not 
merged  with  the  conduction  band  which  is  8 meV  above  the  donor 
level,  apparently,  the  donor  band  has  not  banded  symmetrically. 
It  appears  that  the  top  of  the  donor  band  has  not  shifted  as 
far  from  the  donor  level  as  has  the  bottom  of  the  band. 

Because  the  donor  level  has  banded  but  has  not  merged  with 
the  conduction  band,  the  donor  concentration  is  probably  between 
5x1016  and  1x10^^  cm  This  concentration  continues  to  be 
present  even  in  the  15  KV  spectra,  though  it  is  obviously  not 
as  great  further  into  the  material, 
i The  As  vacancy  - carbon  transition  also  shows  a significant 

shift  near  8 KV.  This  is  attributed  to  the  acceptor  level  rise 
I indicated  by  the  1.49  eV  peak  shift. 

I 

^ Spectra  from  sample  2,  recorded  at  various  beeun  energies, 

are  shown  in  Figure  15.  In  these  spectra, as  in  those  of  sample 
one,  the  exciton  transition  at  l.,51  eV  disappears  below  10  KV. 

;j  The  1.33  eV  peak  is  also  absent.  The  most  intense  peak  below 

j 10  KV  is  the  C-C  peak  followed  by  the  free-bound  gallium  vacancy. 
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The  free-bound  acceptor  peak  is  lowered  to  1.488  eV  indi- 
cating a banding  in  the  acceptor  level.  This  peak  completely 
disappears  in  the  4 KV  spectrum  indicating  the  donor  band  has 
merged  with  the  conduction  band. 

The  C-C  peak  shows  that  banding  of  the  donor  level  has 
occured  in  the  17  KV  spectrum  some  5 meV  below  the  1.485  eV 
donor  - acceptor  pair  value.  At  8 KV,  where  the  exciton  line 
has  disappeared,  it  is  some  20  meV  below.  4 meV  of  this  is  due 
to  the  acceptor  band  rise.  In  the  4 KV  spectrum  it  is  lowered 
some  33  meV  and  the  free-bound  acceptor  line  is  not  visible. 
This  indicates  the  merger  of  the  donor  band  with  the  conduction 
band  and  a concentration  in  excess  of  IxlO^^cm"^  donors.  The 
plateau  on  the  high  energy  side  is  characteristic  of  high 
concentrations.  The  17  KV  spectra  indicates  a concentration 
of  greater  than  SxlO^^cm"^, 

Spectra  from  saunple  3 are  shown  in  Figure  16  for  various 
beam  energies.  The  most  dominant  peak  is  the  C-C  transition. 
The  free-bound  gallium  vacancy  transition  is  also  prominant. 

The  exciton  line  disappears  at  energies  lower  than  15  KV  as 
does  the  free-bound  carbon  acceptor  peak.  The  carbon  acceptor 
peak  shows  acceptor  level  banding  at  17  KV  and  the  banding 
increases  till  the  peak  disappears  at  energies  below  15  KV. 
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Figure  16.  Depth  Resolved  Spectra  for  Sample  Three 
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At  15  KV  it  has  moved  some  9 meV  farther  into  the  gap.  The 
C-C  line  at  this  point  has  been  lowered  some  16  meV  as  the 
donor  band  has  moved  7 meV  into  the  gap.  This  transition  con- 
tinues to  dominate  and  reduce  in  energy  tp  the  4 KV  spectrum 
where  it  is  35  meV  below  the  energy  of  the  donor-acceptor  tran- 
sition in  lightly  doped  material. 

The  1.40  eV  As  vacancy  - acceptor  transition  does  not 
shift  appreciably,  but  exists  in  all  the  spectra. 

Spectra  from  sample  four  at  various  beam  energies  are 
shown  in  Figure  17.  The  most  dominant  peaks  in  the  15  KV 
spectrum  are  the  exciton  transition  and  the  free-bound  Ga 
vacancy  transition.  At  lower  energies  the  C-C  peak  dominates. 
The  free-bound  acceptor  transition  and  the  C-C  transition  are 
not  resolved  in  the  10  and  12  KV  spectra. 

Below  8 KV,  the  exciton  line  at  1.51  eV  is  not  visible, 

while  the  acceptor  transition  which  shows  no  banding  at  this 

point  also  disappears.  This  would  indicate  an  acceptor  con- 

17 

centration  below  5x10  cm”-^.  The  C-C  transition  appears  and 

starts  banding  near  12  KV.  Since  the  acceptor  level  transi- 
tion disappears  at  5 KV,  it  seems  the  donor  band  has  merged 
with  the  conduction  band.  In  the  4 KV  spectrum,  the  C-C  line 
has  shifted  by  some  19  meV  and  shows  the  high  concentration 
plateau,  where  in  the  5 KV  spectra  the  shift  is  only  11  meV. 
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The  As  vacancy-C  line,  though  never  very  strong,  disappears 
with  the  exciton  line.  The  Ga  vacancy  free-bound  transition, 
which  is  very  strong  at  high  beam  energies,  is  not  exting- 
uished even  at  low  beam  energies,  and  shows  a slight  shift 
to  lower  energies. 


Concentration  of  Carbon 

In  this  section,  specific  concentration  levels  of  carbon  as 
a donor  and  an  acceptor  will  be  inferred  from  spectra  at  various 
beaun  energies  for  the  four  saunples.  General  trends  for  the 
carbon  concentra^ions  will  be  discussed  by  relating  luminescence 
peak  energy  shift  to  concentration. 

In  sample  one  the  acceptor  concentration  exceeds  5x10^^ 
cm  in  the  8 KV  where  it  is  a maximum.  The  donor  concentra- 
tion is  in  excess  of  SxlO^^cm”^  for  energies  above  15  KV  and 
is  maximized  near  8 KV,  but  does  not  exceed  IxlO^^cm”^, 

In  sample  two  the  acceptor  concentration  exceeds 
SxlO^^cm  inside  15  KV.  The  donor  concentration  is  in  excess 
of  5xl0^^cm"^  at  17  KV  and  exceeds  IxlO^^cm”^  at  4 KV. 

In  sample  three  the  acceptor  concentration  exceeds  5x10  ' 
cm"3  at  17  KV.  Likewise  the  donor  concentration  exceeds 


5xl0l6cm“^  in  this  spectrum. 
IxlO^^cm"^  at  12  KV. 


The  donor  concentration  exceeds 
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In  sample  four  the  acceptor  concentration  does  not  exceed 
5xl0^^cm"3  past  the  8 KV  spectra.  However,  the  donor  concentra- 
tion exceeds  SxlO^^cm"^  at  10  KV  and  IxlO^^cm"^  at  5 KV, 

General  trends  for  the  concentration  profile  can  be  seen 
more  readily  in  Figure  18  where  the  transition  energy  for  the 
C-C  and  the  free-bound  carbon  transitions  as  a function  of  the 
electron  beam  energies.  The  shift  of  peak  energy  to  lower 
values  indicates  a higher  concentration. 

In  sample  one  the  donor  and  acceptor  concentrations  are  a 
maximum  at  the  8 KV  level  and  a dramatic  shift  occurs  before 
10  KV, 

In  sample  two  the  acceptor  concentration  does  not  shift  much 
but  the  donor  concentration  shows  a drastic  change  between 
4 and  10  KV.  Both  concentrations  decrease  with  increasing 
be2uii  energy. 

In  saunple  three  the  acceptor  concentration  shows  a slight 
shift  but  the  donor  concentration  shows  an  increase  with  energy, 
the  C-C  transition  changing  by  23  meV  from  4 to  17  KV, 

In  sample  four  the  acceptor  free-bound  transition  shows 
little  change  while  the  C-C  transition  shift  indicates  a sub- 
stantial rise  fom  4 to  12  KV, 
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Figure  18,  Variation  of  Transition  Energy  with  Beam  Energy 
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Effects  of  Different  Capping  Methods 


Since  samples  one  and  two  were  prepared  from  the  same 
implanted  wafer  differences  in  their  depth  resolved  luminescence 
must  be  due  to  the  annealing  with  differenct  caps  as  the 
implant  profile  before  annealing  should  be  the  same.  It  should 
be  noted  though  that  penetration  of  the  Si3N4  cap  requires  a 
KV  more  energy  than  the  Si02  cap. 

Spectra  from  these  two  crystals  are  compared  at  8 and  12 
KV  in  Figures  19  and  20.  At  8 KV  the  spectra  of  the  Si02 
capped  saonple  is  dominated  by  the  C-C  transition  and  shows  a 
very  weak  As  vacancy  - carbon  peak.  On  the  other  hand,  a 
strong  As  vacancy  - carbon  peak  is  found  in  the  Si^N^  capped 
crystal.  The  free-bound  Ga  vacancy  is  also  prominent. 

The  shift  in  the  C-C  peak  energy  indicates  a low  donor 
concentration  in  the  Si^N^  capped  sample  as  opposed  to  the 
Si02  capped  sample.  This  would  indicate  a larger  outflux  of 
Ga  from  the  Si02  capped  crystal. 

The  shift  of  the  free-bound  carbon  peak  in  the  Si^N^  capped 
crystal  indicates  a larger  acceptor  concentration  than  in  the 
SiOg  capped  crystal.  With  this,  the  As  vacancy  - carbon  peak 
is  very  strong  indicating  a larger  outflux  of  As  through  the 
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Figure  20,  Capping  Effects  for  12  KV  Beam 
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The  spectra  of  sample  three  is  dominated  by  the  C-C 
transition.  Vacancy  associated  peaks  are  small  and  most 
intense  farther  into  the  material,  where  the  free-bound  Ga 
vacancy  is  the  most  prominent  of  them.  This  would  indicate 
that  the  carbon  ions  are  substituting  substitutionally  for 
vacancies  which  should  be  more  dominanant  near  the  surface 
where  outdif fusion  would  be  more  prominent. 


V.  COiNCLUSIONS 


The  luminescence  peak  which  shifts  in  energy  more  than  the 
others,  and  is  the  most  prominent  near  the  surface  for  three  of 
the  four  s^unples  has  been  identified  as  the  C-C  transition. 

This  would  indicate  that  the  carbon  is  substituting  for  both 
Ga  and  As. 

Since  the  SiOg  capped  sample  does  not  exhibit  the  free- 
bound  carbon  acceptor  peak  at  low  energy  while  the  Si^N^ 
capped  sample  does,  would  indicate  a higher  concentration  of 
carbon  donors  in  the  SiO^  capped  sample  and  a higher  Ga 
outdif fusion  through  Si02  than  Si^N^. 

I The  greater  shift  in  the  carbon  free-bound  acceptor 

transition  and  the  presence  of  this  peak  in  all  spectra  for 
the  Si3N^  capped  sample  as  well  as  the  prominance  of  the  As 
j vacancy  carbon  acceptor  transition  would  indicate  a higher 

acceptor  concentration  in  Si^N^  capped  sample  than  the 
Si02  capped  sample,  and  hence  a greater  outdiffusion  of  As 
through  the  Si^N^  than  the  SiO^. 

The  lO^^cm”^  fluence  reduced  the  intensity  of  the  vacancy 
associated  peaks  which  would  indicate  a higher  nximber  of 
substitutional  carbons  than  in  the  10i3cm'*2  fluence.  The 


carbon  profile  tailed  much  farther  into  the  crystal  with  the 


higher  fluence  than  with  the  lower  fluence. 
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